Tumor necrosis factor type I receptor (TNFRI), a death receptor, mediates apoptosis and plays a crucial role in the interaction between the nervous and immune systems. A direct link between death receptor activation and signal cascade-mediated neuron death in brains with neurodegenerative disorders remains inconclusive. Here, we show that amyloid-␤ protein (A␤), a major component of plaques in the Alzheimer's diseased brain, induces neuronal apoptosis through TNFRI by using primary neurons overexpressing TNFRI by viral infection or neurons from TNFRI knock-out mice. This was mediated via alteration of apoptotic protease-activating factor (Apaf-1) expression that in turn induced activation of nuclear factor B (NF-B). A␤-induced neuronal apoptosis was reduced with lower Apaf-1 expression, and little NF-B activation was found in the neurons with mutated Apaf-1 or a deletion of TNFRI compared with the cells from wild-type (WT) mice. Our studies suggest a novel neuronal response of A␤, which occurs through a TNF receptor signaling cascade and a caspase-dependent death pathway.
Introduction
Apoptosis is a normal biological process during brain development. However, it can become a harmful factor for mature brains under injured or diseased circumstances, such as brain neuronal loss in neurodegenerative diseases (Anderson et al., 1996; Estus et al., 1997; Troy et al., 2000; Yuan and Yankner, 2000; Jellinger and Stadelmann, 2001; Morishima et al., 2001; Cregan et al., 2002; Galvan et al., 2002; Kumar-Singh et al., 2002; Wei et al., 2002; Eberhardt and Schulz, 2003; Koriyama et al., 2003; Lopez Salon et al., 2003; Tamagno et al., 2003) . Alzheimer disease (AD) is a neurodegenerative disease and is characterized by significant neuronal loss. There are two major neuropathological changes in the AD brain: senile plaques and neurofibrillary tangles. Amyloid-␤ proteins (A␤) are major constituents of senile plaques and are produced from cleavage of the amyloid precursor protein (APP) (Selkoe and Kopan, 2003; Sisodia and St. George-Hyslop, 2002) . The majority of A␤ fragments include A␤ 1-40 and A␤ . Although A␤ 1-42 is believed to be the protein initially deposited in diffuse plaques as the seed molecule for amyloid fibril formation, the subsequent deposition of A␤ 1-40 is more closely associated with the onset of clinical symptoms in late-onset AD (Jarret and Lansbury, 1993; Ishii et al., 1997) . During the past decade, various insults have been proposed as a part of the molecular mechanisms involved in A␤-induced neurotoxicity. These include receptor mediation, free radicals, imbalances of cellular calcium distribution, and many others (Yan et al., 1996; Sheehan et al., 1997; Geula et al., 1998; Lorenzo et al., 2000; Mattson et al., 2000; Troy et al., 2000; Wang et al., 2000; Butterfield et al., 2002; Heneka et al., 2002; Kaltschmidt et al., 2002; Mettenburg et al., 2002; Xiao et al., 2002; Xie et al., 2002; Chaudhury et al., 2003; Tamagno et al., 2003) . Recently, Ferrer et al. (2001) reported that expression of one particular death receptor, Fas, in AD brains is increased. However, Fas expression seemed not to be directly correlated with tangles in AD brains (Ferrer et al., 2001) . The other death receptor, tumor necrosis factor type I receptor (TNFRI), has shown increased expression in AD brains and is related to the apoptotic process in AD brains (our unpublished observation). By using double-labeling methods, our unpublished data demonstrated that TNFRI is expressed in most pyramidal glutamatergic neurons in both normal and AD brains. Caspases and transcription factor mechanisms have also been proposed (Nakagawa et al., 2000; Cregan et al., 2002; Galvan et al., 2002; Haas et Recent studies on apoptotic protease-activating factor-1 (Apaf-1) transgenic mice Cecconi et al., 1998; Yoshida et al., 1998) demonstrate that activation of Apaf-1 induces obvious abnormality in tissues in which cellular development depends on apoptosis (Srinivasula et al., 1998; Cregan et al., 2002; Ferraro et al, 2003) . This observation suggests a critical role of Apaf-1 in apoptotic cell death. Apaf-1 is a member of the protein family that contains a caspase recruitment domain and regulates apoptosis. Nod1 and Nod2 contain a caspase recruitment domain (CARD), which can interact with NF-B and promote NF-B activation, which requires IKK␥ and is inhibited by dominant negative mutants of IB␣, IKK␣, IKK␤, and IKK␥ Ogura et al., 2001) . Furthermore, the activation of NF-B translocation causes apoptosis in vitro (McCarthy et al., 1998; Thome et al., 1998; Inohara et al., 2001; Ogura et al., 2001) . Another NF-B-related mechanism of apoptosis is TNFRI, which contains a "death domain" (DD). TNFRI and its intracellular mediators may activate common pathways that lead to degradation of IB␣, which relocates NF-B from the cytoplasm into the nucleus (Miyamoto et al., 1994; Hsu et al., 1995) . The translocation of NF-B might play an anti-apoptotic role in various cells (Guo et al., 1998; Kaltschmidt et al., 1999) and an apoptotic role in neuronal cells (Schneider et al., 1999; Yang et al., 2002) . This discrepancy may be caused by different cell types or the involvement of distinct receptors in neurons. In AD, A␤ peptide has been shown to activate NF-B (Akama et al., 1998; Kuner et al., 1998; Ghribi et al., 2001) . A recent report demonstrated that the soluble A␤ 1-40 -induced toxicity correlates with its association with the cell membrane (Mathews et al., 2002; Morishima-Kawashima and Ihara, 1998) . These findings, together with the pronounced toxicity of soluble A␤ at low concentrations, suggests that cell membrane receptor(s) might be involved in A␤-induced cell death (Kuner et al., 1998; Janciauskiene et al., 1999; Lorenzo et al., 2000; Wang et al., 2000; Mettenburg et al., 2002; Xie et al., 2002) .
Although a previous study has demonstrated that knock-out of both TNFRI and TNFRII can simultaneously increase neurodegeneration (Bruce et al., 1996) , the specific contributions of each TNF receptor subtype to neuronal cell death has not been clearly identified. We demonstrated recently that TNF-␣-induced neuronal cell death is mediated by the NF-B translocation and is TNFRI dependent . Here, we explore whether A␤-induced neuronal apoptosis is related to TNFRI and its unique signal transduction pathway. By using a gene targeting approach, we provide novel evidence that treatment with A␤ 1-40 increases Apaf-1 expression and neuronal NF-B translocation. Our data suggest that, on treatment with A␤ 1-40 , Apaf-1 activates NF-B via binding the intracellular death domain of TNFRI with high affinity, eventually leading to neuronal death.
Materials and Methods
All chemicals were purchased from Sigma (St. Louis, MO), unless otherwise stated. A␤ 1-40 and reverse A␤ 40 -1 peptides were purchased from Bachem (Torrance, CA). The peptides were dissolved in DMSO or formic acid to maintain soluble form and then diluted to indicated concentrations with culture media for toxicity or binding experiments. Antibodies for TNF receptors were purchased from R & D Systems (Minneapolis, MN) and the antibody for NF-B p65 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). A polyclonal rabbit antibody to Apaf-1 was purchased from Chemicon (Temecula, CA), and monoclonal antibodies to actin and laminin were purchased from Sigma.
Molecular cloning and plasmid construction. For the construction of TNF receptor subtype cDNA plasmids, we isolated poly(A) ϩ RNA from human brain tissue and synthesized cDNA using reverse transcriptase (RT) methods. PCR was used to amplify TNFRI, complement C1qB chain, complement C9, and the epidermal growth factor receptor (EGFR) coding region. For transient transfection, cDNA was inserted into a pcDNA3.1 expression vector (Invitrogen, Gaithersburg, MD) that directs expression from both cytomegalovirus (CMV) promoter and simian virus 40 (SV40) origin.
Primary hippocampal neuron cultures from TNFRI knock-out mice. TNFRI knock-out mice (C57BL/6J background) were purchased from The Jackson Laboratory (Bar Harbor, ME). Primary hippocampal neuron cultures were prepared as described previously (Kamegai et al., 1990; Yang et al., 2002) . Briefly, the hippocampal regions from embryonic 15-d-old mice fetuses were dissected and the neurons were recovered by enzymatic digestion with trypsin and mechanical dissociation. Cells were then plated at a density of ϳ6 ϫ 10 5 cells in 3 ml of media per 35 mm dish (Primaria, Falcon Instruments, Florence, Italy) coated with poly-L-lysine (Sigma). Cultures were maintained at 37°C in an incubator humidified with 95% O 2 and 5% CO 2 . The culture medium was a 1:1 mixture of DMEM and Ham's F12 supplemented with 15 mM HEPES, 100 g/ml human transferrin, 25 g/ml bovine insulin, 20 nM progestenne, 20 nM hydrocortisine-21-phosphate, 10 mM L-carnitine, 30 nM 3,3,5-triiodo-lthyronine, 7 ng/ml ␣-tocopherol, 7 ng/ml retinol acetate, 1 M thioctic acid, and 100 M putrescine (Invitrogen). No serum was used in the dissociation or in the cultures. Neurons were used for experiments 5 d after plating.
Neurotypic cell line culture. Human SH-SY5Y cells, which can be terminally differentiated into cells bearing numerous specific characteristics of neurons (Shen et al., 1997) , were cultured using 50% MEM plus 50% F12 medium, 10% heat-inactivated fetal calf serum, and 10 M retinoic acid. The culture medium was replaced every 3 d and cells were differentiated for 6 d.
RT-PCR for TNFRI Ϫ/Ϫ and Apaf-1 mRNA detection. Total RNA was extracted from neurons with TNFRI Ϫ/Ϫ or wild-type mice (Qiagen, Valencia, CA). Pilot experiments were done to determine the linear range of amplification with respect to the amount of starting template and PCR cycles. The cDNA was synthesized from 1.5 ng of total RNA using the SuperScript One-Step RT-PCR kit (Invitrogen) at 62°C for 30 min. The PCR-forward oligonucleotide primer used for TNFRI was 5ЈTCGATT-TGCTGTACCAAGTG3Ј and the reverse oligonucleotide primer used for TNFRI was 5ЈGAAAATGACCAGGGGCAACAG3Ј. After an initial denaturation step at 94°C for 5 min, the cycle was initiated, which consisted of denaturing for 1 min at 94°C, annealing for 2 min at 53°C, and extending for 2 min at 72°C. The cycle was repeated 35 times. The PCRforward oligonucleotide primer used for wild-type and knock-out Apaf-1 was 5ЈAGATAGCCTAGGGGGGTGCAT3Ј and the reverse oligonucleotide primer used for Apaf-1 was 5ЈATCAGTTTCCAATCDCT-GCT3Ј. After an initial denaturation step at 94°C for 5 min, the cycle was initiated, which consisted of denaturing for 1.5 min at 94°C, annealing for 1 min at 66°C, and extending for 1.5 min at 72°C. The cycle was repeated 35 times, with one final extension cycle of 10 min at 72°C.
Nuclear and cytoplasmic isolation. To prepare nuclear extracts, 4 ϫ 10 6 treated cells were trypsinized and incubated for 20 min in a hypo-osmotic buffer containing the following: 10 mM HEPES, pH 7.8, 10 mM KCl, 2 mM MgCl 2 , 0.1 mM EDTA, 10 mg/ml aprotinin, 0.5 mg/ml leupeptin, 3 mg/ml PMSF, and 3 mM DTT with 25 ml of 10% NP-40. The nuclei were pelleted by centrifugation for 5 min in a microcentrifuge. The supernatants containing the cytoplasmic proteins were removed and stored at Ϫ70°C. T solubilize the DNA binding proteins, the pelleted nuclei were resuspended in a high salt buffer containing the following: 50 mM HEPES, pH 7.4, 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, 10% v/v glycerol, 3 mM DTT, and 3 mM PMSF. The resuspended nuclei were gently shaken for 30 min at 4°C. The extracts were spun in a microcentrifuge for 10 min and the clear supernatant, containing nuclear protein, was either aliquoted for determination of the protein concentration or stored at Ϫ70°C for future assays. Electrophoretic mobility shift assay. Electrophoretic mobility shift assay (EMSA) was performed using a double-stranded 15 bp oligonucleotide (5ЈCTAGGGGGACTTTCC3Ј) containing the NF-B consensus se-quence, and radiolabeled with 32 P-ATP. For the binding reaction, the nuclear protein extract (10 g) and 0.25 ng (25,000 cpm) of labeled oligonucleotide was incubated for 15 min at 4°C in a total volume of 30 l binding buffer containing the following: 10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 50 mM KCl, 1 mM EDTA, 5 mM DTT, 5% glycerol and 2 g poly dIDC. DNA protein complexes were separated from unbound probe on native 4.5% polyacrylamide gels in 250 mM Tris-boric EDTA at 200 -250 V for 2-3 hr. The resultant gel was vacuum-dried and exposed to Kodak film (Eastman Kodak, Rochester, NY) for 8 -15 hr at Ϫ70°C. The visual inspection of the free probe band at the bottom of the gel confirmed that equivalent amounts of radiolabeled probe were used for each sample. The amount of DNA-protein complex present was analyzed using densitometry or a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).
Lactate dehydrogenase release measurement and statistical analysis. For quantitative assessment of neuron damage, lactate dehydrogenase (LDH) release from degenerating neurons was measured using a CytoTox 96 nonradioactive cytotoxicity assay kit (Promega, Madison, WI). The percentage of LDH release was calculated as the ratio of LDH contained in the supernatant relative to total LDH contained in both the supernatant and cell lysate. Data were analyzed by an ANOVA Student paired t test.
Western blot analysis. The samples of neurons and cells were lysed in buffer containing the following: 10 mM Tris-HCl, pH 7.4, 25 mM NaCl, 50 mM EDTA, 1 mM EGTA plus 0.5% Triton X-100, 10% SDS, and a protease inhibitor mixture [1 mM phenylmethylsulfonyl fluoride, 1 g/ml pepstatin A, 5 g/ml leupeptin, and 2 g/ml aprotinin (Boehringer Mannheim, Indianapolis, IN)]. For each sample, 10 g protein was separated on a 15% SDS Tricine gel and transferred to a polyvinylidene difluoride (PVDF) membrane electrophoretically for 2 hr with 0.1% Tween 20 in TBS. Either NF-B p65 or Apaf-1 was detected with antibodies against NF-B p65 or Apaf-1 at a 1:1000 dilution for 16 hr at 4°C, followed by incubation with an HRP-conjugated secondary antibody and processed using ECL detection (Amersham Biosciences, Piscataway, NJ). Actin and laminin were examined as housekeeping proteins in the cytoplasm and nucleus, respectively.
Expression plasmids and transfection. Plasmid DNA used for transfections was purified using Qiagen Maxiprep kits. Exogenous DNA transfection followed the procedures of Lipofectamine (Invitrogen). For transient transfection, the cDNA of TNFRI, complement C1qB chain, complement C9, or EGFR was inserted into a pcDNA3-histamine (HA) expression vector containing a C-terminal HA tag that directs its expression from both CMV and SV40 promoters. The vector alone was used as a control. These constructs were transiently transfected into neurons. For stable transfection, the cDNA was subcloned into the pcDNA3.1 vector and transfected into neurons using Lipofectamine Plus (Invitrogen). Forty-eight hours later, 96 well plates at 10 3 cells per well were seeded with cells, selected with G418 (600 g/ml; Invitrogen) and maintained with 350 g/ml G418. The selected cells were screened by Western dotblotting to confirm TNFRI, C1qB, C9, and EGFR expression.
Viral transfection of neurons with I⌲⌲␣, mutant I⌲⌲␣, Apaf-1, and mutant Apaf-1. The adenovirus vector we have constructed was described previously (Choi-Lundberg et al., 1997) . In brief, the replication defective adenoviral vector (AdCMV-lacZ), contains the enhancer/early promoter of CMV drives lacZ transcription with an SV40 polyadenylation sequence downstream, but the vector has deleted E1A, E1B, and E3 regions, which impair the ability of the virus to replicate and transform nonpermissive cells. A viral stock solution of 1.0 ϫ 10 12 particles/ml was used for AdCMV-lacZ; 10-or 10 2 -fold dilutions of these stocks were prepared in PBS immediately before affection in primary neurons. Control affections were performed with PBS and AdCMV-lacZ without the IKK␣, mutant IKK␣ (mIKK␣), Apaf-1, and mutant Apaf-1 plasmids [gifts from Dr. D. V. Goeddel (Tularik Inc., South San Francisco, CA), Dr. P. Baeuerle (Tularik Inc.), and Dr. I. M. Verma (The Salk Institute, San Diego, CA)]. Vector titers were matched for total particles at ϳ1-2 ϫ 10 9 particles/2 l (Mochizuki and Mizumo, 2003) .
Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling staining and DNA fragmentation. Neurons were grown on poly-L-lysine-coated chamber slides. Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) was used to visualize neurons with fragmented DNA. Neurons were harvested 16 hr after A␤ 1-40 treatment, fixed in 4% paraformaldehyde for 20 min, washed in three changes of PBS, and then incubated for 1 hr at 37°C with 75 l of a TUNEL mixture (Boehringer Mannheim) containing the following (in l): 0.5 terminal transferase, 0.95 biotin-deoxyUTP, 6.0 CoCl 2 , 15.0 TdT buffer, and 52.55 distilled water. The reaction was stopped by incubation in 4ϫ SSC buffer followed by three washes in PBS. Neurons were then labeled with a streptavidin Cy2 secondary antibody (Jackson ImmunoResearch, West Grove, PA) for 45 min at room temperature and counterstained with Hoechst 33258 (0.5 g/ml) for 5 min. The fraction of TUNEL-positive cells as a percentage of total cell number was determined. To analyze DNA integrity, DNA was extracted from neurons with or without A␤ 1-40 treatment from TNFRI Ϫ/Ϫ mice and its optical density was measured at 260 nm and separated on a 1% agarose gel to confirm DNA loading after staining the gel with ethidium bromide. Equal amounts of DNA were separated by conventional agarose gel electrophoresis and Southern blotted, and apoptotic DNA ladders were visualized by hybridization with digoxigenin-labeled total mouse genomic DNA probe (Boehringer Mannheim).
Transfection and NF-B activity assay. NF-B activity was analyzed using a luciferase reporter gene; 3 ϫ 10 5 cells were transfected with 5ϫ B-luciferase reporter plasmid and various expression plasmids, including IKK␣ and mutant IKK␣, using Lipofectamine per the manufacturer's instructions. To normalize for transfection efficiency, all transfections included a LacZ-expressing plasmid, and the lysates were assayed for ␤-galactosidase activity.
Preparation of Apaf-1 antisense oligonucleotide. Both sense and antisense Apaf-1 oligonucleotide phosphorothioates were synthesized on an Applied Biosystems (Foster City, CA) model 392 DNA synthesizer using phosphoramidite chemistry. Oligonucleotides were purified by reversephase chromatography using Oligo-Pak oligonucleotide purification columns (Millipore, Billerica, MA) as reported previously (Shen et al., 1997) . The Apaf-1 antisense oligonucleotide sequence was 5ЈCTTCTC-CATCGCTCACCT3Ј, overlapping the code for the initiation site of methionine on the Apaf-1 gene (Zou et al., 1997) . The sense oligonucleotides for Apaf-1 were the exact inverse complement of the antisense oligonucleotides. Lyophilized oligonucleotides were dissolved in sterile water to prepare stock solutions.
In vitro 125 I-A␤ 1-40 binding assay. Cells (2 ϫ 10 7 ) were transfected with expression vectors containing TNFRI, complement C1qB, complement component C9, and EGFR. Sixteen hours after transfection, membranes were prepared from transfected cells. For Figure 6 B, membrane lysates containing 10 mg of protein were incubated with 600 ng of 125 I-A␤ 1-40 (Amersham), 5 g of anti-FLAG M2 antibody (Sigma), 10 l of protein A-Sepharose, and 10 l of protein G-Sepharose at 4°C for 2 hr. Proteins bound to the matrix were washed six times with 1 ml of the washing buffer. The bound radioactivity was measured using a Beckman (Fullerton, CA) liquid scintillation counter. For Figure 6C , proteins were immunoprecipitated first from 40 mg of membrane lysate as described above and then incubated with 600 ng of 125 I-A␤ 1-40 in the presence of 20 mg of bovine serum albumin Fraction V (Sigma) at 4°C for 2 hr. After six washes with 1 l of washing buffer, the bound radioactivity was measured. To evaluate protein expression, proteins in 25 g of membrane lysates were detected by immunoblotting with anti-FLAG antibody.
TNF receptor binding in whole cells. TNFRI transfected SH-SY5Y cells (1 ϫ 10 6 per assay) were incubated with increasing concentrations of 125 I-A␤ 1-40 alone or with a 100-fold excess of unlabeled 125 I-A␤ 1-40 for 2 hr at 4°C.
125 I-A␤ 1-40 receptor complexes were precipitated at 4°C by the addition of 500 l of 25% polyethylene glycol and 500 l of 0.1% rabbit ␥-globulin. Cells were incubated with increasing concentrations of 125 I-A␤ 1-40 alone or with a 200-fold excess of unlabeled A␤ 1-40 for 2 hr at 4°C and then washed three times. Specific binding (the difference between binding of 125 I-A␤ 1-40 in the absence or presence of cold 125 I-A␤ 1-40 ) was usually Ͼ80% of the total 125 I-A␤ 1-40 binding activity. After centrifugation, 3 ml of ice-cold buffer was added to the tubes, followed by filtration through a Brandel (Gaithersburg, MD) cell harvester, using GF/C glass fiber filters previously soaked in 0.05% polyethylenimine. Radioactivity on the filters was determined in a liquid scintil-lation counter with a counting efficiency of ϳ40% (Wallac, Gaithersburg, MD). The data preprocessing was performed using a Prism program and the actual nonlinear curve-fitting was performed using Ligands software.
Results

TNFRI contributes to A␤ 1-40 -induced neuronal apoptosis
Because TNFRI contains a DD, we thus assume that neurons with high levels of TNFRI might be more vulnerable to insults such as A␤. To test this hypothesis, we overexpressed TNFRI in neurons by adenoviral affection (Fig. 1 A) and used LDH release as a cell death marker to evaluate A␤-induced neurotoxicity in the infected neurons. We found that A␤-induced LDH release from the TNFRI-infected neurons is significantly increased in a dosedependent manner after 8 hr infection. The dose dependency of A␤ 1-40 treatment was also observed at low doses (100 -10,000 nM), at which these concentrations are generally not toxic to noninfected control neurons (Fig. 1 B) . Our data indicate that TNFRI-infected neurons are more vulnerable to A␤-induced toxicity compared with noninfected control neurons ( Fig. 1 B) , which usually need at least 10 -20 times higher concentrations of A␤ 1-40 to cause neuron death (Estus et al., 1997; Morishima et al., 2001) . This is consistent with our recent findings as well as with studies from other groups that TNFRI-affected neurons are more vulnerable to insults (Bruce et al., 1996; Estus et al., 1997; Morishima et al., 2001; Yang et al., 2002) . Moreover, to determine whether A␤-induced cell death is associated with apoptosis, we performed DNA fragmentation experiments and found that DNA fragments were greatly increased in A␤-treated TNFRIaffected neurons compared with the noninfected control or control vector-infected neurons (Fig. 1C) . Moreover, the appearance of DNA fragments was observed at the much lower dose (100 nM) of A␤ treatment (Fig. 1C) in the infected cells; similarly, DNA fragments were found in nontransfected neurons at ϳ100-fold greater doses of A␤ treatment (Fig. 1C) .
To further examine how A␤ causes neuronal apoptosis, and further verify whether TNFRI is linked to A␤-induced neuronal apoptosis, we examined A␤-induced toxicity in the cultured hippocampal neurons from TNFRI knock-out or WT mice. Studies from our Southern blot and Western blot hybridizations confirmed no expression of TNFRI in TNFRI Ϫ/Ϫ mice (data not shown). Morphologically, the hippocampal neurons from TNFRI Ϫ/Ϫ mice treated with vehicle grew rather healthily with multiple and long neurites ( Fig. 2A) . To further confirm our morphological observation, LDH release was used as a cell death marker to quantitatively measure cell death in the cultured neurons under each treatment condition. Interestingly, we found that treatment with A␤ 1-40 at various doses in the TNFRI Ϫ/Ϫ neurons produced no changes in LDH release compared with neurons from WT mice, even at high doses of A␤ 1-40 (0.1-10 M) for 48 hr (Fig. 2B ). These data suggest that TNFRI gene deletion might have shut down a cellular death-related signal pathway and neurons without an IDD became "insensitive" to insults. Likewise, TNFRI Ϫ/Ϫ neurons treated with vehicle grew well, suggesting that mature neurons are able to survive in the absence of TNFRI ( Fig. 2A) . Furthermore, to determine whether this neuronal degeneration is associated with apoptosis, we used TUNEL staining and DNA fragmentation techniques to evaluate neuronal apoptosis and found that most TNFRI Ϫ/Ϫ neurons were negative for TUNEL staining after A␤ 1-40 treatment, compared with very positive TUNEL staining in the A␤-treated WT neurons (Fig. 2C,D) .
Physical interaction between A␤ 1-40 and TNFRI in neurons
Having shown that A␤ exposure resulted in less neuron degeneration and apoptosis in neurons from target-deleted TNFRI mice, Figure 1 . Overexpressing TNFRI reveals vulnerability to A␤ 1-40. Neurons were infected with defective adenoviral vector containing TNFRI, TNFRII, empty-defective adenoviral vector, or noninfection. A, The protein expression of TNFRI after infection was confirmed by Western blot. B, Overexpression of TNFRI resulted in neuronal vulnerability to A␤ 1-40 -induced cell death even at low doses (100 or 10,000 nM), whereas no such effects were observed in nonaffected neurons or neurons transfected with an empty-defective viral vector in the presence of A␤ 1-40 at the same doses. All results were repeated four times from independent experiments, 8 hr after infection. **p Ͻ 0.01. C, DNA fragmentation was observed in neurons with TNFRI overexpression at 100, 1000, and 10,000 nM of A␤ 1-40 , but noninfected or control vector-infected neurons and TNFRII-infected neurons exhibited DNA fragmentation only at the high dose of A␤ 1-40 (10,000 nM) after 8 hr of infection.
we further addressed the issue of how A␤ 1-40 interacts with TNFRI on the neuronal surface to transduce receptor activation to the death signal cascade. A high level of expression of TNFRI in the infected neurons was confirmed by mRNA and protein expression using RT-PCR and Western blots (Fig. 3B) . To examine whether A␤ 1-40 binds TNFRI directly, cell membranes were prepared from neurons expressing TNFRI as described in Materials and Methods. The ability of TNFRI to bind radiolabeled 125 I-A␤ 1-40 was tested by a modified immunoprecipitation assay. To further rule out nonspecific binding, we included cold reverse A␤ 40 -1 peptide to compete for our specific binding by using radiolabeled A␤ 1-40 . We did not find any specific inhibitory binding in our assays (data not shown). A␤ 1-40 was coimmunoprecipitated with FLAG-tagged TNFRI only, not with other FLAG-tagged control proteins (i.e., EGFR, C1qB, IL receptor, and C9) (Fig. 3B) . Furthermore, to rule out nonspecific immunoprecipitation, we also used reverse A␤ 40 -1 to coimmunoprecipitate with FLAG-tagged TNFRI, as well as EGFR, C1qB, IL-1R, and C9, but no significant immunoprecipitation was observed (data not shown). Thus, TNFRI is associated with an A␤-binding activity present in the membrane of neurons. However, there is a possibility that TNFRI does not bind directly to A␤ and that the association requires other membrane factors, such as fatty lipids (Avdulov et al., 1997; Corsico et al., 1998; Waschuk et al., 2001) . To test this possibility, we first immunoprecipitated TNFRI and a complement component protein, C9, as a control protein, with anti-FLAG antibody, and the ability of the immunoprecipitated proteins to bind A␤ 1-40 was tested in lipid-free buffer. Immunoprecipitated TNFRI exhibited A␤ 1-40 binding activity, but control protein, C9, did not (Fig. 3C) . These results suggest that TNFRI binds directly to A␤ 1-40. To further characterize the pharmacological binding affinity of A␤ to TNFRI, we established an in vitro model by subcloning TNFRI cDNA into the expression vector pcDNA3.1 that contains the human CMV promoter and SV40 ori. This construct was transfected into human SH-SY5Y neurotypic cells, which have low levels of endogenous TNFRI (Fig. 3D ) and exhibit neuronal properties (Shen et al., 1997) , followed by a modified calcium phosphate transfection technique. Protein expression in whole cells was measured by 125 I-specific binding . To ensure the specific binding was from soluble A␤ 1-40 instead of nonspecific binding caused by "stickiness" of the physical property of the protein, specific 125 I-A␤ 1-40 binding was analyzed in the absence and presence of a 100-fold excess of cold-soluble A␤ 1-40 . To prevent peptide aggregation that can occur at higher temperatures (Estus et al., 1997; Morishima et al., 2001 ), all binding assays were performed on ice at all times to maintain the soluble form of A␤ 1-40 peptide, as described in Materials and Methods. We found that 125 I-A␤ 1-40 binds specifically to TNFRI in the transfected SH-SY5Y cells, but little specific binding was seen in nontransfected cells (Fig. 3D) Figure 3D . This was determined using the SH-SY5Y cell transfectants and is comparable with the K d of the native TNFRI expressed constitutively on Chinese hamster ovary cells and endogenous TNF receptors in HeLa cells (data not shown). We have also examined whether 125 I-A␤ 1-40 binds to other cytokine receptors such as the p75 NGF or EGF receptor in trans- or wild-type mice were incubated for 48 hr with A␤ 1-40 . The dead or detached neurons were removed with the supernatant, and the remaining neurons were lysed. LDH levels were measured in both supernatant and cell lysates. The data in B are from four independent experiments and represent the means Ϯ SD, which is the percentage of supernatant LDH values relative to total LDH contained in both the supernatant and cell lysate as described in Materials and Methods. Hippocampal neuronal apoptosis induced by A␤ 1-40 treatment is TNFRI dependent. A␤ 1-40 -induced apoptosis in hippocampal neurons in the absence of TNFRI is demonstrated in TUNEL staining ( C) and DNA fragmentation ( D). The hippocampal neurons from TNFRI Ϫ/Ϫ or wild-type mice were incubated with A␤ 1-40 at 10, 000 nM for 18 hr. The cells were fixed and neurons were analyzed for apoptosis using TUNEL for fragmented nuclear DNA ( C). These images are typical of apoptotic single neurons cultured with A␤ 1-40 at 10, 000 nM in wild-type mice. For DNA fragmentation, Southern blots of DNA isolated from TNFRI Ϫ/Ϫ or wild-type mice were analyzed. TNFRI Ϫ/Ϫ and wild-type neurons were treated with A␤ 1-40 (100 nM to 20 M) for 48 hr ( D) and cycloheximide was used as a positive control (data not shown). The results from TUNEL, Hoechst staining, and DNA fragmentation indicate that neurons with TNFRI deletion were resistant to A␤ 1-40 -induced apoptosis.
fected SH-SY5Y cells and no specific or high-affinity binding was observed (data not shown). Together, these results indicate that A␤ 1-40 binds with high affinity and specificity to the TNFRI receptor.
Activated NF-B translocation by A␤ is diminished in neurons from TNFRI
؊/؊ mice To further study the possible mechanisms by which A␤ 1-40 enhances apoptosis in neurons with TNFRI overexpression, we examined TNF-receptor-related signal transduction pathways. Moreover, several studies have shown that A␤ induces the activity of NF-B DNA binding (Akama et al., 1998; Ghribi et al., 2001 ) and that NF-B is also reported to be TNFRI dependent not only in the peripheral immune system (Tartaglia et al., 1993; Hsu et al., 1995; Sipe et al., 1996) , but also in the brain . To determine whether TNFRI is involved in the A␤ 1-40 -induced NF-B neuronal activity, an experiment for examining translocation of p65, a subunit of NF-B, was performed using Western blotting. Nuclear and cytoplasmic extracts were isolated from the neurons of WT and TNFRI Ϫ/Ϫ mice after a 30 min incubation with A␤ 1-40 at 0, 0.1, 1, and 10 M. We found that A␤ 1-40 induced increases in nuclear NF-B p65 in a dosedependent manner, whereas decreased cytoplasmic NF-B p65 was observed in hippocampal neurons of WT mice (Fig. 4 A) . This suggests that A␤ 1-40 induces NF-B translocation into the nucleus. However, no significant NF-B p65 translocation was observed in either the cytoplasm or the nucleus in neurons of TNFRI Ϫ/Ϫ mice after A␤ treatment (Fig. 4 B) . This result indicates that translocation of NF-B p65 in neurons induced by A␤ 1-40 is at least partially TNFRI dependent. To examine changes of the binding activity of NF-B, we conducted NF-B binding studies using EMSA and found low NF-B binding activity in TNFRI Ϫ/Ϫ neurons, whereas WT neurons still contained high levels of A␤ 1-40 -induced NF-B binding activity (Fig. 4C) . Although we found that the translocation of NF-B by A␤ is TNFRI dependent, whether translocation of NF-B causes neuronal death or enhances cell survival or plays a compensatory role was not clear. To examine this possibility, we used adenovirus to deliver I⌲⌲␣, which on phosphorylation, releases p65 NF-B into the nucleus. Adenovirus was also used to deliver mutant I⌲⌲␣, which is unable to be phosphorylated. We found that A␤ 1-40 treatment in neurons with viral transduction of I⌲⌲␣ resulted in DNA fragmentation, whereas little DNA fragmentation was observed in mutant I⌲⌲␣-affected neurons even at a relatively high dose of A␤ 1-40 treatment (Fig. 4 D) , suggesting that NF-B translocation activated by I⌲⌲␣ leads to apoptosis in neurons.
Apaf-1 is essential for A␤-induced neuronal NF-B translocation in a TNFRI-dependent manner
Apoptotic protease activating factor-1 (Apaf-1) has been reported to be essential in apoptosis during development (Cecconi et al., 1998; Yoshida et al., 1998; Fortin et al., 2001) . Recent studies have also shown that insults, including ischemic injury, may enhance Apaf-1 expression only in certain types of cells, such as neurons in the brain. The neuronal-cell-specific increases in Apaf-1 are involved in an apoptotic process mediated by caspases (Li et al., , 1998 Yakovlev et al., 1997) , suggesting a critical role of Apaf-1 in neuronal degeneration . To examine the relationship between the A␤-induced NF-B activation and Apaf-1 expression in neurons, we tested whether A␤ treatment can alter Apaf-1 expression levels. We examined Apaf-1 mRNA levels using semiquantitative RT-PCR. As shown in Figure 5A , TNFRI-infected neurons treated with A␤ 1-40 exhibited a significant increase in Apaf-1 mRNA levels in comparison with A␤ 1-40 -treated non-TNFRI-transduced neurons, and the Apaf-1 mRNA increase was in an A␤ 1-40 dosedependent manner. This increase in Apaf-1 mRNA levels was observed after 8 hr of A␤ 1-40 (10 M) treatment and remained elevated after 24 hr of treatment. To confirm that the induction of Apaf-1 expression was caused by A␤ 1-40 administration, the levels of Apaf-1 mRNA were examined in neurons treated with con- A, Western blots of cytoplasmic and nuclear NF-B p65 in hippocampal neurons of wild-type mice. Neurons were treated with soluble A␤ 1-40 at 0, 0.1, 1, and 10 M for 30 min. At the various indicated doses of A␤ 1-40 treatment, cell cytoplasmic or nuclear samples were subjected to SDS-PAGE and the blots were probed with an antibody to NF-B p65 or actin and laminin as the cytoplasmic and nucleic housekeeping proteins, respectively. Visualization of the proteins was performed with ECL. This result demonstrates that cytoplasmic NF-B p65 was at high levels, whereas nuclear NF-B p65 without A␤ 1-40 treatment was low. However, A␤ 1-40 treatment resulted in low levels of cytoplasmic NF-B p65, and high levels were seen in the nucleus, suggesting that NF-B p65 was translocated from the cytoplasm to the nucleus in hippocampal neurons after A␤ 1-40 treatment. B, Western blot of nuclear NF-B p65 in hippocampal neurons from TNFRI knock-out mice (TNFRI Ϫ/Ϫ ). The neurons from TNFRI knock-out brains were treated with A␤ 1-40 at the same doses (0.1-10 M) for 30 min. The cytoplasmic and nuclear samples were subjected to SDS-PAGE, and the blots were probed with an antibody to NF-B p65 or actin and laminin. We found that little NF-B p65 was induced by A␤ 1-40 at 100 nM compared with that in wild-type neurons ( A). C, EMSA analysis of NF-B binding activity in hippocampal neurons from TNFRI Ϫ/Ϫ and wild-type mice. EMSA assay with nuclear extracts prepared from neurons of TNFRI Ϫ/Ϫ and wild-type mice with A␤ 1-40 treatment (10 M) for 30 min. The 32 P-labeled oligonucleotide probe that was used contained the NF-B p65 subunit and a 50-fold molar excess of an unlabeled AP2 (nonspecific competitor, NS) probe. The NF-B activity was abolished in TNFRI-deleted neurons but not in neurons from wild-type mice. D, DNA fragmentation was examined in neurons affected with IKK␣ and mIKK␣ adenoviral affection after A␤ 1-40 treatment (0, 1, or 10 M) . Interestingly, A␤-induced DNA fragmentation was observed only in IKK␣-transfected neurons but not in neurons with mIKK␣ transfection. Ϫ/Ϫ mouse brains were treated with 〈␤ 1-40 (0, 10, 100 M) for 24 hr. Extracts of cell lysates were fractionated by SDS-PAGE on 12% Tris-glycine gels and transferred to PVDF membranes; 10 g of cell lysates was loaded per lane. The Apaf-1 expression was detected with affinity-purified antibody using a horseradish peroxidaseconjugated secondary antibody and processed using ECL detection. C, We found that A␤ 1-40 increased Apaf-1 activity in hippocampal neurons from wild-type mice. These effects are dose dependent. However, no alteration of Apaf-1 expression was observed in these TNFRI Ϫ/Ϫ neurons byA␤ 1-40 peptidetreatment,suggestingthatApaf-1expressionisinducedbyA␤peptide.D,TUNEL staining was performed, and representative photomicrographs are shown in the Apaf-1-transfected neurons with A␤ treatment. Primary neurons were treated with A␤ 1-40 and then stained with anti-Apaf-1 (red, left) and TUNEL (green, middle). The rightmost panels are merged images of the Apaf-1 stain and TUNEL (red and green). Most TUNEL-positive neurons with Apaf-1 transfection after A␤ 1-40 treatment show condensed nuclei, suggestive of apoptosis.
trol peptide, a reversed A␤ 1-40 peptide. The Apaf-1 mRNA levels did not increase in the control peptide treated neurons (Fig. 5A) . Our data confirm the requirement of A␤ 1-40 for Apaf-1 induction. To examine whether A␤-induced Apaf-1 upregulation is associated with TNFRI, we treated primary neurons from TNFRI knock-out mice with A␤ 1-40 for 8 and 24 hr and examined whether the Apaf-1 mRNA level was changed. Apaf-1 mRNA levels were not increased in TNFRI knock-out mice, but instead were decreased after A␤ 1-40 treatment at 8 and 24 hr (Fig. 5A) .
To determine whether the alteration in mRNA levels of Apaf-1 was accompanied by a change in its protein expression, we first conducted Western blot analysis of Apaf-1 protein expression from TNFRI-infected and control (empty vector-infected wild-type) neurons, undergoing A␤ 1-40 -induced apoptosis. Cell lysates were obtained from A␤ 1-40 treated neurons at various concentrations and Apaf-1 protein expression was examined. A significant increase in Apaf-1 protein expression in TNFRItransfected neurons was observed at 100 nM of A␤ 1-40 treatment compared with that of control neurons, although both groups of neurons were treated with A␤ 1-40 (Fig. 5B ), but such phenomena were not observed by using reverse A␤ 40 -1 peptide (data not shown). A time-dependent increase in A␤ 1-40 -induced Apaf-1 protein levels was found only in control neurons. When we compared the time course of A␤ treatment, the A␤ 1-40 -induced Apaf-1, mRNA upregulation appeared earlier than protein expression. To verify whether A␤-upregulated Apaf-1 protein expression occurred through TNFRI, we examined Apaf-1 protein levels in neurons from TNFRI Ϫ/Ϫ mice after A␤ 1-40 treatment and found no significant change in Apaf-1 protein expression in neurons from TNFRI Ϫ/Ϫ mice after A␤ 1-40 treatment at 10 M for 24 and 36 hr (Fig. 5C) .
Our experimental data demonstrate that A␤ can induce the upregulation of Apaf-1 mRNA and protein expression in a TNFRI-dependent manner. To determine whether Apaf-1 plays an essential role in A␤-induced apoptosis mediated by TNFRI activation , we examined the incidence of TUNEL-labeled neuron death after A␤ 1-40 treatment in Apaf-1 mutant and control neurons. As shown in Figure 5D , A␤ induced widespread cell death in control neurons, whereas sparsely distributed apoptotic neurons are evident in the Apaf-1 mutant neuron culture. This may be caused by a caspase-independent form of neuron death or a delayed cell death program as reported for some cells in the Apaf-1 knock-out mouse (Cecconi et al., 1998; Yoshida et al., 1998) . Thus, in addition to physiological apoptosis, Apaf-1 plays a central role in pathological apoptosis engaged by A␤. Ϫ/Ϫ mice were transfected with an empty vector (EV) or increasing amounts of FLAG-tagged Apaf-1 construct together with an NF-B luciferase reporter construct. The cells were harvested 24 hr after transfection and lysed in a luciferase assay buffer. The lysates were assayed for luciferase activity as described in Materials and Methods and subjected to Western blot analysis. The relative amounts of Apaf-1 in the lysates were determined by densitometric scanning of the immunoreactive bands on the Western blots. B, Induction of Apaf-1-induced NF-B activation by A␤ . Induction of NF-B activation was determined from triplicate culture of wild-type and TNFRI Ϫ/Ϫ neurons cotransfected with the same amounts of FLAG-tagged Apaf-1 as ( A) with the NF-B luciferase reporter construct; 23 hr after transfection the neurons were treated with 10 M A␤ 1-40 for 60 min. C, Apaf-1-induced NF-B activation is inhibited by kinase-inactive IKK␣ protein. Cells were transfected with 1.5 g of empty vector, vector plus NF-B luciferase construct, empty vector plus Apaf-1, or Apaf-1 plus mIKK␣. After 23 hr of transfection, one group of neurons was treated with 10 M A␤ 1-40 for 60 4 min and then cells were harvested and assayed for NF-B activity by the luciferase assay as described in Materials and Methods. D, Western blot analysis of the abundance of Apaf-1 in the protein extracts isolated neurons by transfection of Apaf-1 and mutant Apaf-1. Pretreatment of neurons using antisense oligonucleotides for Apaf-1 at 5, 10, and 15 M previous A␤ 1-40 treatment (10 M) resulted in a significant reduction of Apaf-1 expression (top). However, there was no significant change of p65 NF-B expression level in cytoplasm (middle), and little p65 NF-B was detected in the nucleus (bottom), suggesting that inhibition of Apaf-1 did not result in the translocation of NF-B. In the neurons with sense oligonucleotides for Apaf-1 treatment at the same series of concentrations, no Apaf-1 reduction was observed. However, p65 NF-B was decreased in the cytoplasm and was increased in the nucleus after A␤ 1-40 treatment, indicating that A␤ 1-40 treatment triggers the activation of NF-B translocation. One hundred microgram aliquots of cytosolic protein extracts isolated from neurons were subjected to 5% (for Apaf-1) or 10% (for p65 NF-B) SDS-PAGE and transferred to a nitrocellulose filter. The filters were probed with a polyclonal anti-Apaf-1 antibody (AB16941; Chemicon). The antigen-antibody complexes were visualized by an ECL method, as described in Materials and Methods.
To determine whether A␤-induced Apaf-1 protein could activate NF-B translocation in neurons containing high levels of TNFRI, we transfected neurons with NF-B luciferase reporter plasmid in combination with increasing amounts of an expression vector encoding the Apaf-1 protein. We used these transfected neurons as a system to examine whether Apaf-1 is able to regulate NF-B translocation in neurons. The neurons were lysed 16 hr after the transfection and assayed for NF-B activity and protein expression. As shown in Figure 6 A, transfection of Apaf-1 caused NF-B activation in a transfection dosedependent manner. Interestingly, A␤ 1-40 treatment induced approximately fourfold to fivefold more activation of NF-B than that in vehicle treatment in the Apaf-1 transfected neurons (Fig.  6 B) . As many other research groups have indicated, IKK␣ can cause degradation of IB␣ (an NF-B inhibitor) by phosphorylation, and result in the release of cytoplasmic NF-B, which is then able to translocate into the nucleus (Miyamoto et al., 1994; Verma et al., 1995; Baeuerle and Baltimore, 1996) . However, a mutated IKK␣ fails to phosphorylate IB␣ and blocks NF-B activation (Malinin et al., 1997; Regnier et al., 1997) . Thus, to further verify that A␤ does indeed induce NF-B activation through Apaf-1, we transiently cotransfected neurons with NF-B control luciferase reporter plasmid with Apaf-1 and mutated IKK␣. As shown in Figure 6C , the kinase-inactive mutant IKK␣ completely blocked the Apaf-1-induced NF-B translocation regardless of the presence or absence of A␤ 1-40 treatment. This result shows that the kinase activity of IKK␣ is essential for Apaf-1-induced NF-B activity and suggests that Apaf-1 may contribute to A␤-induced transduction of NF-B activation signals from TNFRI in neurons.
To further verify the above result that A␤-induced Apaf-1 activates NF-B, we first used antisense oligonucleotides (ASO) to knock down Apaf-1 expression. As Figure 6 D demonstrates, when Apaf-1 expression is reduced by ASO, A␤ 1-40 treatment did not result in translocation of p65 NF-B whereas, in our control group, A␤-induced p65 NF-B translocation is clearly observed. Furthermore, we examined Apaf-1 and NF-B in neurons from TNFRI Ϫ/Ϫ mice. Our results demonstrated that either Apaf-1 or NF-B failed to be induced and transduce the A␤ signal in TNFRI Ϫ/Ϫ neurons (Fig. 6 ). This supports our hypothesis that A␤-induced Apaf-1 expression is related to neuronal death in a TNFRI-dependent manner. Together, these data suggest that TNFRI plays a critical role in the degeneration of neurons responding to insults such as A␤.
Discussion
Although plaques containing A␤ are considered an early event in the development of AD, and A␤ is believed to cause neuronal loss, the mechanisms of A␤-induced neuronal death remain unclear. The results presented in this paper are the first to demonstrate that A␤ induces Apaf-1 elevation, in turn activating NF-B translocation in a TNFRI-dependent manner, which may contribute to neuronal apoptosis in the AD brain.
Activation of Apaf-1 appears to be a critical event in the execution of A␤-induced neuronal apoptosis in the brain, whereas caspases may also be involved in A␤-induced Apaf-1 and NF-B signal transduction. In the intrinsic pathway of this elevation, Apaf-1, NF-B, and caspases (caspases 3, 9, and 12) may form a functional complex contributing to apoptosis during development as well as in diseased brains Zou et al., 1999; Yakovlev et al., 2001 ). In the present study, we examined the intrinsic pathway of Apaf-1-activated NF-B in mouse hippocampal neurons after an A␤-induced lesion. We also investigated the expression of the Apaf-1 gene at mRNA and protein levels, given the role of this protein in injury-induced neuronal apoptosis. Our data show that A␤ induces a relatively small but steady increase of Apaf-1. Also, a robust decrease of p65 NF-B in was seen in the cytoplasm, whereas there was a significant increase in the nucleus. This again supports the critical role of Apaf-1 in the apoptosis of neurons, because depletion of Apaf-1 in mice reduces tissue damage Yoshida et al., 1998) . We also demonstrated that the ability of A␤ to induce Apaf-1 elevation and NF-B translocation is partially abolished in TNFRI knock-out neurons, suggesting TNFRI dependence and involvement. Thus, induction of Apaf-1-induced NF-B translocation may be necessary for the induction of apoptosis by death receptors such as TNFRI after A␤ stimulation in neurons. This is consistent with studies in other types of cells with different apoptotic stimuli. We have shown recently that high expression of TNFRI-induced by TNF-␣ is sufficient to trigger the apoptotic cascade in mature neurons and that depletion or loss of functional TNFRI reduces neuronal cell death (Shen et al., 1997; Yang et al., 2002) . This suggests that Apaf-1 acts as a key regulator of the death cascades in injured neurons.
Our results also demonstrate a physical and pharmacological interaction between A␤ 1-40 and the extracellular domains of TNF receptors, indicating novel A␤ involvement with TNFRI. Our unpublished data from ligand dot-blot binding experiments show no interaction between the last 100 aa of APP or reverse A␤ 40 -1 peptide (data not shown) and TNFRI, or between other growth factors or immune molecules such as EGF, p75 NGF receptor, and A␤ 1-40 peptide. Radiolabeled A␤ binding assay data also support this finding (Fig. 6) , indicating the selectivity of A␤ 1-40 for TNFRI. The interaction between purified TNFRI (extracellular fractions) and A␤ 1-40 was confirmed on SDS-PAGE using labeled Ab (data not shown). The interaction between A␤ and other amyloid-binding proteins was evaluated by an 125 I-A␤ 1-40 binding assay (data not shown). The results from this binding assay indicated that the affinity of interaction between A␤ and TNFRI was comparable with or higher than the affinity of interaction between A␤ and insulin, ␣ 2 -macroglobulin, receptor for advanced glycation end product, apolipoprotein (apo) E3, and apoE4 (Yamauchi et al., 1999; Mettenburg et al., 2002; Xie et al., 2002) .
A recent report (Kayed et al., 2003) on the conformation of A␤ suggests that soluble amyloid oligomers may be a common mechanism of pathogenesis of AD. To understand the conformation of A␤ 1-40 we used for neuronal toxicity and binding activity, we identified our A␤ 1-40 at the conditions for neurotoxicity and 125 I-A␤ 1-40 for binding experiments by using PAGE gel and Western blot and found that most of A␤ 1-40 were in a soluble conformation, not fibrils or protofibrils (data not shown), suggesting that A␤ 1-40 seems to be soluble when binding TNFRI as a ligand. However, to further verify the absolute conformation, in future experiments, we will need to use oligomers to conduct TNFRI radioligand binding to determine whether binding affinity would be same or different and whether such binding would affect neuronal degeneration.
TNFRI is expressed not only in many non-neuronal cells such as lymphocytes, but also in other types of cells in the CNS, including microglia, astrocytes, and neurons of diseased brains (Y. Konishi and Y. Shen, unpublished observation) . This suggests that these TNF receptor subtypes might not be mediated exclusively by the native TNF-␣ ligand. Evidence from this study shows that TNFRI binds A␤, and other studies show that Fas ligand binds TNF receptors, supporting this notion. We believe that different types of neurons have different expression ratios of the two TNF receptors. For example, the expression level of the two types of TNF receptors in a single neuron in a specific brain area is different from other regions of the brain. Moreover, in AD, this ratio could be changed such that more TNFRI is upregulated, leading to increased neuronal loss. Additional studies are aimed at whether more rigorous techniques or double-labeling in situ hybridization techniques will reveal single neuron expression. The TNF receptor type I family contains several members with homologous cytoplasmic domains known as a death domain (DD). The DD is critical in initiating apoptosis and other signaling pathways after ligand binding by the receptors (Tartaglia et al., 1993; Troy et al., 2002; Yang et al., 2002) . In the absence of a ligand, DD-containing receptors are maintained in an inactive state. However, under pathological conditions, in which glial cells are activated in the brain and A␤ or other secreted molecules behave like TNF-␣, TNFRI may then be activated. TNFRI contains a cytoplasmic DD required for signaling pathways that is responsible for NF-B activation and apoptosis (Tartaglia et al., 1993; Hsu et al., 1995; Yang et al., 2002) . Now, a newly discovered role of Apaf-1 in neurons provides a bridge for A␤ protein and TNF receptor binding in NF-B translocation and neuronal death.
Our present studies suggest that Apaf-1 and NF-B may be direct regulatory target candidates for A␤ in neuronal cell death and that the upregulation of Apaf-1 by A␤ and activated NF-B translocation plays an important role in the apoptosis-signaling cascade after brain injury. Furthermore, neuronal death mediated by the Apaf-NF-B signal cascade seems to be involved in the activation of TNFRI, which may interact through A␤ binding. The binding complex of A␤ to TNFRI may be involved in more than one distinct signal transductions, such as JNK (c-Jun N-terminal protein kinase; Morishima et al., 2001) , Src protein kinase (Williamson et al., 2002) , and Cdk5 (cyclin-dependent kinase 5) activity (Patrick et al., 1999; Lee et al., 2002) . On the other hand, neuronal death mediated by the Apaf-NF-B signal cascade might interact with more than one surface protein of neurons, such as APP itself (Lorenzo et al., 2000) , a receptor for advanced glycation end products (Yan et al., 1996) , or both. Additional studies on structural features specific to these binding proteins, including the TNF receptor, by site-directed mutagenesis and their differential expression in the AD brain using in situ hybridization and immunohistochemistry, need to be conducted. Activation of the Apaf-1 and NF-B signal cascades provides a mechanism by which A␤ may be coupled to signal transduction pathways exerting a major influence on neuron fate. Elucidation of the multiple pathways and their components is an important step in understanding A␤-induced neuronal loss in AD brains and may lead to alternative therapeutic targets in AD and better strategies for treatments.
